Abstract-The effect of different organic compounds (glucose, fructose, ribose, glycine, alanine, pyruvate, acetate, citrate, and yeast extract) as well as of the wastes of food production (molasses, stillage, sweet whey), on the growth of iron-oxidizing acidophilic microorganisms and biooxidation of ferrous iron was studied. Representatives of the microorganisms predominating in biohydrometallurgical processes-archaea of the family Ferroplasmaceae (A. aeolicum V1 T , A. cupricumulans BH2 T , Acidiplasma sp. MBA-1, Ferroplasma acidiphilum B-1) and bacteria of the genus Sulfobacillus (S. thermosulfidooxidans SH 10-1, S. thermotolerans Kr1 T )-were the subjects of the study. All studied strains most actively grew and oxidized ferrous iron in the presence of yeast extract, which is probably due to the presence of a large number of different growth factors in its composition, while others substrates provided growth of microorganisms and ferrous iron oxidation.
Biohydrometallurgical technologies are widely used for extraction of nonferrous and precious metals from sulfide ores. These technologies are based on the destruction of the crystal lattice of sulfide minerals by acidophilic iron-and sulfur-oxidizing microorganisms [1] . Microorganisms oxidizing sulfide minerals are a phylogenetically heterogeneous group, including several representatives of Bacteria (Proteobacteria, Nitrospirae, Firmicutes, Actinobacteria) and Archaea (Euryarchaeota, Crenarchaeota) [2] .
Oxidation of sulfide minerals results in heat production; therefore, temperatures increase up to 40-50°C in industrial biooxidation reactors and in heaps, and moderately thermophilic and thermotolerant microorganisms predominate. Under different conditions, the composition of microbial communities may differ [2] . However, it was shown that bacteria of the genus Sulfobacillus and archaea of the family Ferroplasmaceae of the genera Acidiplasma and Ferroplasma often predominate in the technological processes of the biooxidation of sulfide ores and concentrates [3] [4] [5] [6] [7] . These microorganisms are extremely acidophilic and moderately thermophilic aerobic iron oxidizers. Despite the fact that bacteria of the genus Sulfobacillus and the archaea of the family Ferroplasmaceae oxidize ferrous iron, all known representatives of these groups require an organic carbon source for stable growth, i.e., they are mixotrophs [2, 8] .
Carbon metabolism of the bacteria of the genus Sulfobacillus has been studied in detail in several works [9] [10] [11] [12] . Mixotrophic carbon nutrition of Sulfobacillus provides advantages over obligate autotrophs, since their growth rate is much higher than that of obligate autotrophs oxidizing sulfide minerals [12] . At the same time, the rate of CO 2 fixation in their cells corresponds to that in some autotrophic microorganisms. Therefore, the inability of the representatives of the genus Sulfobacillus to grow autotrophically is probably due to the shortage of energy obtained by cells during the oxidation of inorganic substrates [9] [10] [11] [12] . The rates of oxidation of inorganic substrates (pyrite and thiosulphate) by the representatives of the genus Sulfobacillus were higher in myxotrophic conditions than in autotrophic ones, which might be explained by the increase in the amount of synthesized protein [13] .
The carbon metabolism of the archaea of the family Ferroplasmaceae has been studied less. Type species F. acidiphilum was described as an autotroph despite the fact that it requires an organic substrate (yeast extract-YE) as a source of growth factors [14] . In a number of studies, it was demonstrated that representatives of Ferroplasmaceae require YE when MICROBIOLOGY grown in media containing ferrous iron and they are usually unable to grow in media containing only simple organic substrates or ferrous iron [3, 4, 14, 15] . For example, the strain A. cupricumulans BH2 T was unable to grow in media without YE and ferrous iron [3] . Strain F. thermophilum L1
T was able to grow in media with ferrous iron containing peptone or glucose [4] . At the same time, the yield in this case was significantly lower than in the media with YE and iron, but detailed data in the work were not presented. The consolidation of the published data on the archaea of the family Ferroplasmaceae makes it possible to conclude that they require both organic carbon sources and ferrous iron, but it does not allow us to evaluate the effect of carbon sources on the growth of these archaea.
The study of the carbon metabolism of the bacteria of the genus Sulfobacillus and the archaea of the family Ferroplasmaceae is very important from an applied point of view. It was shown that the addition of organic nutrients into the medium increased the efficiency of bioleaching processes [5, 7] . For the technology, it is most important to select cheap organic nutrients that could improve the efficiency of biooxidation processes of sulfide minerals.
The goal of the present work was to study the effect of different organic compounds and wastes of food production on the growth of the archaea of the family Ferroplasmaceae and bacteria of the genus Sulfobacullus and oxidation of ferrous iron. The effects of YE, glucose, fructose, ribose, glycine, alanine, pyruvate (sodium salt), acetate (sodium salt), and citrate, as well as of organic wastes (molasses, stillage, sweet whey (SW)), were studied. According to the manufacturer's information (Helicon, Russia), the carbon content in the YE was approximately 50% of the dry weight. The media containing 0.01, 0.02, 0.05, and 0.10% were used in the experiments. All organic compounds were added in the concentrations corresponding to the carbon content of the above-mentioned concentrations of YE. Organic wastes were added in the medium in the concentrations 0.01, 0.02, 0.05, and 0.1%. All organic nutrients were prepared separately from the medium, 10% solutions of organic compounds were sterilized by filtration through membrane filters with a pore diameter of 0.22 μm. Since the stillage contained water-insoluble components, a suspension containing 10% of stillage (dry weight) was prepared and sterilized by autoclaving at 1.5 bar. The experiment with the simultaneous addition of glucose and B-group vitamins was performed [16] . The medium without organic nutrients was used as control.
MATERIALS AND METHODS

Strains of bacteria of the genus
The concentrations of Fe 2+ and Fe 3+ ions were determined by trilonometric titration [17] . The microorganisms were enumerated by direct count using a phase contrast microscope.
All values presented in the work were obtained in two independent experiments. The arithmetic mean values and 95% confidence intervals (n = 4, α = 0.05) are shown in Tables 1 and 2 . Statistical processing of the results was carried out using the MS Excel 2013 software.
RESULTS AND DISCUSSION
S. thermosulfidooxidans SH 10-1 oxidized approximately 80% of Fe 2+ in the medium containing 0.02, 0.05, and 0.1% of YE for 20 h (and only 28% in autotrophic conditions). In the media with other organic compounds, iron was also actively oxidized (30-50%). Pyruvate was the exception and the oxidation of Fe 2+ was hardly observed in its presence (from 5 to 8% Fe 2+ was oxidized). Despite the active ferrous iron oxidation, the yield in media with organic compounds was low compared with the that in the media with YE. In the media with YE, cell number was approximately (1-2) × 10 8 cells/mL, while the yield was insignificant in other variants of the experiment (it was maximum in the media with glucose and alanine and comprised approximately 5 × 10 7 cells/mL). The addition of the vitamins in the medium with glucose did not lead to an increase in the rate of ferrous iron oxidation and yield. The rates of ferrous iron oxidation were comparatively high in the media containing organic wastes (up to 80% of iron was oxidized in the medium with stillage), but the number of cells was lower than in the medium with YE. Strain S. thermotolerans Kr1 T oxidized iron faster than S. thermosulfidooxidans SH 10-1 (in most experiments, it almost completely oxidized iron). At the same time, the rate of ferrous iron oxidation in the control experiment was approximately 30%, and the yield was low in comparison with the media containing YE. At the same time, the rate of ferrous iron oxidation in the control experiment was approximately 30%, and the yield was low in comparison with the media containing YE. In the medium with organic wastes, ferrous iron was oxidized more slowly than in a medium with YE, and cell number of the strain was significantly lower than in the medium with YE (4-10 times).
Strain A. aeolicum V1 T reached a relatively low degree of ferrous iron oxidation 20 h (it was maximum in the medium with YE and comprised approximately 40%). The rate of ferrous iron oxidation in the experiments with all organic compounds was approximately two times lower than in the experiments with YE (18-20%), with the exception of the variants with pyruvate, where the rate of oxidation was extremely low (2-8%, i.e., lower than in autotrophic conditions). The yield was maximal in media with YE (up to 9 × 10 7 cells/mL), while it comprised only approximately 2-3 × 10 7 cells/mL in the media with organic compounds. Glucose was the exception and the yield was relatively high in media with this saccharide (up to (6-7) × 10 7 cells/mL). The addition of the vitamins in the medium with glucose did not lead to an increase in the rate of iron oxidation, but the number of cells in the medium with glucose and vitamins was slightly higher. For example, in the variant with the highest glucose concentration, the addition of vitamins made it possible to reach approximately 1 × 10 8 cells/mL. In experiments with organic wastes, the rates of ferrous iron oxidation and yield of the strain were significantly lower than in the media with YE (2-3 times).
In experiments with A. cupricumulans BH2 T , the rate of Fe 2+ oxidation was significantly higher than in similar experiments with the strain A. aeolicum V1 T . In the presence of YE, iron was almost completely oxidized. The rates of oxidation were comparatively high in the presence of almost all organic compounds (30% and higher), but high concentrations of pyruvate inhibited oxidation. Differences between the variants in cell number were more significant than in the rate of iron oxidation. In the medium with 0.02% YE, cell number reached approximately 24 × 10 7 cells/mL, while it was 2-3 times lower in the presence other YE concentrations. In media with other nutrients, cell number was lower (no more than 6 × 10 7 cells /mL). The addition of vitamins affected the growth of the strain A. cupricumulans BH2 T . The rate of ferrous iron oxidation in the medium with vitamins was slightly lower than in the medium with glucose, while cell number was 3-4 times higher ((16-18) × 10 7 and (4-5) × 10 7 cells/mL, respectively). The strain A. cupricumulans BH2 T probably depended more on the presence of growth factors, such as B-group vitamins, in the medium. This may also explain the differences in yield between the media containing YE or vitamins solution and other organic substances. In experiments with organic wastes, the rate of ferrous iron oxidation was 2-3 times lower than in the presence of YE; however, cell number was high in the media with molasses and MC (up to 20 × 10 7 cells/mL). In the experiments with Acidiplasma sp. MBA-1, the rate of ferrous iron oxidation and yields were the highest in media with YE (4 × 10 7 -12 × 10 8 cells/mL, with a maximum in the medium with 0.05% of YE). Ferrous iron oxidation depended on the presence of YE, and the rate of oxidation was 3-4 times lower in experiments with organic compounds than in experiments with YE. In most experiments, the oxidation rate did not change significantly or increased with an increase in the concentration of organic nutrients, but the highest concentration of pyruvate inhibited both iron oxidation and strain growth. The rate of iron oxidation in the medium with pyruvate was lower than in the control (8 and 15%, respectively). Adding of vitamin solution to the medium with glucose did not lead to significant increase in the rate of oxidation and the cell number. The experiments with organic wastes demonstrated that the rate of iron oxidation and cell number of the strain were highest in experiments with stillage. The rates Fe 2+ oxidation in media with YE and stillage differed by 2-2.5 times, while cell number differed two to six times. The rates of iron oxidation and cell number of the strain in experiments with molasses and sweet whey were lower than in the corresponding variants with stillage.
Strain F. acidiphilum B-1 oxidized iron relatively slowly, and oxidation was the most rapid in the presence of YE (approximately 50% of ferrous iron was oxidized). The rate of iron oxidation in the medium with organic nutrients did not significantly exceed that reached in the control variant (15%). Pyruvate inhibited oxidation (no more than 7% of ferrous iron was oxidized). A similar dependence was observed for yields. Cell numbers was maximal in the medium with 0.05% of YE (approximately 13 × 10 7 cells/mL), while it was approximately 2.5 × 10 7 cell/mL in control variant. In the media with other organic compounds, cell number was not much higher than in the control experiment. In the presence of pyruvate and acetate, growth was not observed. The adding of vitamins had no significant effect on iron oxidation and on the growth of the strain. In experiments with organic wastes, the rate of iron oxidation and yields were lower than in the presence of YE but higher than in the media with organic compounds. From 30 to 40% of iron was oxidized and the cell number reached (5-6) × 10 7 cells/mL in media with molasses to (6.5-9.5) × 10 7 cells/mL in media with SW and stillage.
All studied strains most actively grew and oxidized iron in media with YE, while other compounds also provided growth and oxidation of iron by microorganisms, but cell number and the rate of iron oxidation were lower. This may be explained by the presence of a large number of different growth factors in YE. Such substrates as molasses, stillage, and SW containing a large number of different organic compounds, including vitamins and amino acids [18] [19] [20] also provided a relatively rapid growth of the strains. Addition of B-group vitamins solution to the medium with glucose did not lead to a significant increase in the yield of the strains with the sole exception of the strain A. cupricumulans BH2 T . Pyruvate and acetate in some experiments inhibited the growth of microorganisms. This is due to the fact that weak organic acids do not dissociate at low pH, and their molecules easily penetrate through the cell membrane and reduce the intracytoplasmic pH [21] .
Thus, YE is the optimal organic substrate for all studied strains, while other substrates, including food production wastes, may also be used as a carbon source for the cultivation of microorganisms. The obtained results can be used for planning further fundamental scientific and applied research. For example, the role of organic and inorganic compounds in energy metabolism of the archaea of the family Ferroplasmaceae has not been studied in detail. In addition, applied studies required to evaluate the possibility of using organic wastes to increase efficiency of industrial bioleaching processes.
